Background: An international, longitudinal medical follow up examination of male professional road cyclists revealed excessively elevated serum ferritin levels. Objective: To evaluate the importance of elevated ferritin values among professional cyclists, their relationship with age and nationality, and their evolution over 3 years. Methods: Over 1000 serum ferritin values were collected. Other parameters were included in order to exclude conditions which might have increased ferritin levels without changing body iron stores. Results: In 1999, over 45% of riders displayed ferritin values above 300 ng/ml and one fourth levels over 500 ng/ml. These percentages had decreased to 27% and 9%, respectively, 3 years later, while the overall average, which was above the normal limits in 1999, had decreased by 33% in 3 years. Older cyclists had higher ferritin values than younger cyclists. There was also a relationship between ferritin levels and the nationality of the cyclists. Analysis of 714 riders in 2000 and 2002 showed only a slight and insignificant decrease in the mean ferritin value although those with initially elevated iron stores had a much greater decrease. Conclusion: Professional road cyclists used excessive iron supplementation leading to high serum ferritin levels correlating with increased body iron stores. Although the situation progressively improved over 3 years, it remains worrying as increased body iron stores are related to health complications. Therefore, prevention in addition to the fight against doping should be a main goal of the UCI. Aggressive therapy for athletes with excessive ferritin values should be carried out at or before the end of their careers.
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About 30 years ago, it was proposed that serum ferritin correlates quite accurately with body iron stores. 1 2 This was confirmed in the following years and recently by Beutler et al. Serum ferritin assessment is relatively simple and therefore is the most commonly used indicator of body iron stores.
Iron is essential for cellular life and is required in numerous metabolic processes, one of the most important being erythropoiesis. In normal healthy individuals, there are about 35 mg of iron per kg body weight in adult women and 45 mg/kg in adult males. 4 5 About 65% of body iron is carried in the haemoglobin of circulating red blood cells, while another 10% is incorporated in myoglobin, cytochromes, and iron containing enzymes. The remaining 20-30% is stored in ferritin and haemosiderin. 6 Distribution within these stores can change under various conditions, such as inflammation and increased erythrocyte production, or when absorption is abnormally increased as seen in haemochromatosis. Iron is vital but also highly toxic when not maintained within cells or bound to proteins. The danger of free iron is believed to be due to its ability to generate tissue damaging free radicals. 7 8 These highly reactive oxygen species can interact rapidly with high affinity with almost every molecule found in living cells. Iron can also react directly with unsaturated fatty acids thus impairing cellular integrity and causing cell death. 9 10 Because of these deleterious effects, iron is thought to play an important role in carcinogenesis, the pathogenesis of atherosclerosis, and neurodegenerative disorders. [10] [11] [12] [13] [14] [15] Another health damaging effect of iron overload is the increased risk of infections: microorganisms use iron for metabolic functions and excessive free iron facilitates bacterial cell growth. In addition, normal defence mechanisms could be altered. 16 The long term consequences of iatrogenic iron excess are not known, but may be similar to hereditary haemochromatosis. Excessive iron can deposit in the form of aggregates in various tissues particularly the liver, pancreas, heart, joints, skin, and pituitary gland. This could ultimately lead to irreversible organ dysfunction such as cirrhosis and to cancer as is described in haemochromatosis.
Given the health risks described above, the fact that many cyclists had high ferritin levels was worrying. As soon as the first signs of iron overload appeared in 1996, 17 the UCI informed teams about the risks of iron overload and basic guidelines on how to deal with athletes with hyperferritinaemia were introduced.
The aim of this paper is to describe the iron overload problem among male professional road cyclists, its relationship with age and nationality, and most interestingly its evolution over 3 years.
METHODS

Subjects
Over 1000 male international professional cyclists were included in the UCI longitudinal medical follow up examination (table 1) , which was mandatory for all first and second category professional cycling teams, officially called trade teams. All serum ferritin values were collected between December and January and since 2000 have been stored in a computer database. Unfortunately, for technical reasons, only 444 values were collected in the first year (table 1) .
Pre-analytical conditions
Pre-analytical conditions could not be checked individually, but according to UCI rules, blood tests must be carried out in the morning, ideally at 8:00 am, during fasting. It is also stated that no intensive exercise should be done in the previous 24 h.
Analysis
Analyses were performed on venous blood samples in laboratories from various countries around the world accepted by the UCI. Each laboratory analysed serum ferritin according to its own good laboratory practice (it has been demonstrated that there is a good correlation between available commercial kits 18 19 ). The normal range in this study was set at 20-300 ng/ml. C-reactive protein was routinely determined and liver function tests (gamma-glutamyltranspeptidase (GGT), aspartate aminotransferase (AST, SGOT), alanine aminotransferase (ALT, SGPT), alkaline phosphates, and bilirubin) were also carried out. These results are not shown. Except for isolated and slight elevations of ALT which were transient and related to heavy training, all other parameters were within normal range.
Statistics
Cyclists were classified by age and nationality. Mean and standard errors of the mean (SEM) were calculated for overall serum ferritin values and for the different groups. ANOVA one way analysis of variance was applied to compare more than two groups. The modified Welsh test was used to compare the results of two groups. p,0.05 was considered to be significant.
RESULTS
The distribution of serum ferritin values among the professional cyclists included in the 2002 medical follow up examination is shown in fig 1. In previous years, the distribution curve was similar, with a typical ''stretch'' to the right, except that the peak of the curve was less broad and the left slope was less steep.
The The percentage of cyclists with ferritin levels over 300 and 500 ng/ml also decreased with time as shown in table 2. Figure 2 shows that there was a relationship between age and ferritin level. The oldest and youngest groups of cyclists were statistically different from all others. Comparison between the other age groups did not show statistical difference. With time, there was a decrease in the mean values in each age group, except for the two youngest groups born after 1975, which initially had normal values. There was no statistical difference between the years. Analysis for 1999 was not carried out due to lack of data.
There was also a close relationship between the nationality of the riders and serum ferritin levels (fig 3) . The decrease from 2000 to 2002 is statistically significant only in groups A-C, which had the highest initial values. There is also a statistical difference between 2000 and 2002 in group H which displayed an increase in the average value.
Analysis of the same 714 riders screened in 2000 and 2002 showed that average ferritin value decreased by 5% without statistical difference. The same 94 athletes with levels above 500 ng/ml in 2000 displayed an average decrease of 24% 2 years later, while the same 37 riders with values above 700 ng/ml showed a decrease of 27%. The decrease in both groups with initially high ferritin levels was statistically significant (fig 4) . The remaining athletes showed an increase of 4.8% over the 2 years.
According to UCI rules, athletes with levels above 500 mg/ ml on two consecutive tests had to consult a haematologist or a gastro-enterologist. Further investigations such as hepatic echography with or without biopsy confirmed iron deposits, but no tissue damage has been recorded. Mutation of the HFE gene was demonstrated in seven riders of whom three were homozygous for C282Y, one heterozygous for C282Y, one homozygous for H63D, three heterozygous for H63D, and one compound homozygous.
The average haemoglobin and haematocrit values were around 15.0 g/dl and 44.0%, respectively, with no difference between the year of birth.
DISCUSSION
The longitudinal medical follow up examination introduced by the UCI in 1999 confirmed high serum ferritin levels revealed in 1996 in professional road cyclists. 17 Results previously published by the French cycling federation showed that one third of 83 tested elite French cyclists had ferritin levels greater than 300 ng/ml in 1998. 20 In the present international survey of more than 1000 athletes, 45% of the riders displayed ferritin values above 300 ng/ml and one fourth had ferritin levels over 500 ng/ml in 1999. The average value was 342 ng/ml, which is above the upper normal limit of 300 ng/ml commonly used by laboratories and in the scientific literature. [20] [21] [22] [23] This situation was quite the opposite of that usually observed in trained athletes. In general, serum ferritin levels are lower in athletes than in sedentary persons, mostly within normal range, but up to 10% of male athletes have been reported to have insufficient iron stores. 24 25 The increased serum ferritin levels were related to increased body iron content. Indeed, there is a good correlation between both parameters. [1] [2] [3] In addition, the interviewed cyclists reported excessive iron supplementation, mainly by repeated intravenous administration. Other conditions that might have increased serum ferritin levels, such as inflammation or pseudo-inflammation caused by strenuous exercise, infection, liver disease, or malignancy, could be reasonably ruled out as other acute phase reactants tested concomitantly were within normal range.
Court trials and the media, especially after the Tour de France scandal in 1998, have already revealed one reason for excessive iron intake. The use of erythropoietic stimulants, such as recombinant human erythropoietin (rhEPO), increases the need for iron so much that it exceeds the physiological occurring reserves in storage tissue. Furthermore, increasing body iron levels before rhEPO administration improves the resulting erythropoiesis. [26] [27] [28] [29] [30] [31] [32] These facts explain why athletes who use rhEPO also take iron supplementation, mostly by parenteral access.
Nevertheless, it is important to emphasis that high ferritin levels are not proof of former or actual blood doping. In fact, one could say that iron is part of the culture of cycling. Even before rhEPO became available in 1989, iron supplements were used regularly, as witnessed by former team doctors. This situation was due to the widespread beliefs among cyclists that iron was a fortifying drug that increase the number of red blood cells and thus performance. This of course is only true for those suffering from iron deficiency. Another reason why athletes took iron supplementation was low serum iron. Unfortunately, serum iron can be normal or even decreased despite high body iron stores. 33 34 In this study, ferritin levels showed an overall decrease with time. From 1999 to 2002 the average ferritin values decreased by 33% and the percentage of riders with levels below 300 ng/ml increased from a little more than a half to almost three quarters.
Another major finding was the strong relationship between age and ferritin levels, probably due to chronic use of iron supplementation by older riders at a time when the overload problem was not as obvious and medical supervision was not mandatory.
The fact that older cyclists displayed the greatest lowering of ferritin levels could result from the fact that at the end of their cycling careers they were replaced by younger athletes with normal iron stores. This worrying hypothesis is supported by the fact that iron undergoes an almost closed metabolic cycle. Indeed, even in cases of iron excess, there is hardly any adaptation of elimination, which does not exceed 2 mg/day, except in the case of bleeding. 35 36 On the other hand, physical activity increases iron turnover and the situation could be different in elite sportsmen. The average ferritin values of the same 714 riders in 2000 and 2002 showed a decrease of only 5%, compared to 13% for the overall values. This would support the hypothesis that the improvement was only due to the fact that older cyclists, with high ferritin levels, dropped out of the UCI medical follow up. On the other hand, individual ferritin profiles displayed a totally random evolution in many riders, with variations of up to 800%. This was most probably related to the use of erythropoietic stimulants or to blood transfusions. The most suspect athletes are those who displayed a major decrease in ferritin levels in short time.
The use of iron and/or rhEPO during the study makes it difficult to draw definite conclusions. Nevertheless, athletes with ferritin levels over 500 ng/ml generally showed a more stable profile, with levels tending to decrease as confirmed by the average values. It seems that the higher initial ferritin value was, the greater was the decrease. Decreases were observed in each age group, especially the older ones. These findings suggest that the overall decrease was not due solely to the fact that older cyclists drop out.
This study also revealed a close relationship between the nationality of the cyclist and ferritin levels. This was linked to the above mentioned beliefs. Indeed, one could say that there were national habits and some countries used iron supplementation, especially parenteral iron, more often than others.
The long term health consequences of this situation are currently unknown. Complications such as those described in haemochromatosis are likely and cyclists with increased serum ferritin levels probably have an increased risk of developing cirrhosis, cancer, cardiovascular diseases, and neurodegenerative disorders. [10] [11] [12] [13] [14] [15] Aggressive therapy, such as bleeding, for those riders with high ferritin levels is probably necessary once they finish their careers. However, iron elimination may be higher in elite endurance athletes than in untrained individuals. However, medical follow up is only mandatory for licensed athletes and so others not properly informed may seek medical advice only after complications have appeared. Therefore every athlete with increased iron stores should receive medical advice.
To conclude, in professional cycling there was excessive use of parenteral iron, which was related to blood doping and to very strong beliefs that are part of the culture of cycling. The situation seemed to be improving slowly with time, but is still worrying. The only way to improve the situation further is to continue the fight against doping and educate the athletes. Both aspects are closely related and are part of the health program introduced by the UCI. 
What is already known on this topic
Only two articles have been recently published on excessive iron supplementation by cyclists, while other articles on iron overload are related to pathological situations such as rhEPO treatment or haemochromatosis. Normally in sports it is iron deficiency not excess that is highlighted.
What this study adds
This is the first longitudinal international study of the serum ferritin levels of more than 1000 elite road cyclists. It reveals that the problem is greater than suspected and that there is a relationship between the nationality as well as the ages of the cyclists and the iron overload problem.
